Abstract-We applied photoacoustics for noninvasive two-dimensional imaging of blood vessels in vivo, using near infrared light. This study was undertaken to develop photoacoustic tomography of tissue for the detection of embedded blood vessels using a newly developed piezoelectric double ring detector, featuring an extremely narrow aperture.
I. INTRODUCTION

I
IT IS OUR purpose to show the feasibility of photoacoustic imaging (PAI) to detect blood vessels hidden in tissue in a noninvasive way. In PAI, the tissue is illuminated by a short light pulse (about 10 ns), which is partly absorbed at positions where absorbing particles, like red blood cells, are present. A local adiabatic temperature rise will occur, followed by a pressure rise due to restricted dilatation. This pressure wave will propagate through the tissue and, thus, can be detected at the surface. Here, we present what are to our knowledge the first in vivo photoacoustic (PA) cross-sectional images of single human blood vessels.
With all optical visualization techniques of subsurface structures in highly scattering media, like dermal tissue, the large scattering coefficient limits not only the penetration of light into the medium, but also hampers the possibilities to localize optical absorbers with satisfactory resolution. The penetration depth of the light is limited to about 1 cm at 550 nm and to several centimeters at 850 nm and 1064 nm.
With photoacoustic signal generation, however, the signal amplitude is determined by the local fluence rate only. In this way, blood vessels or tumors may be imaged in vivo by choosing the appropriate wavelength for absorption and measuring the pressure in a plane of detection at the surface as a function of detector position and ultrasound time-of-flight. It was shown [1] - [4] that the PAI technique makes it possible to image structures with 20-m depth resolution. The PA-sensitivity depends on the contrast in absorption by blood with respect to the surrounding medium, which is a factor of about 100 at 550 nm to about 10 at 850 nm.
Apart from high-resolution imaging, PA has been used in imaging of layered tissue structures [12] - [15] absorbing objects in tissue for applications like mammography [16] , [17] . Photoacoustic signal generation can also be used to determine the optical properties of turbid media such as tissue [5] , [6] . Based on changes in these optical properties, systems are being developed to detect changes in concentration of tissue chromophores such as hemoglobin [7] - [9] (i.e., oxygenation) or glucose [10] , [11] .
II. MATERIALS AND METHODS
To generate photoacoustic signals, a pulsed light source is required. If this light source generates pulses with a pulse duration shorter than the acoustic transit time ( ) of the acoustic source ( is the acoustic velocity, is the optical penetration depth, assuming that the beam diameter is much larger than ) the condition of stress confinement is fulfilled. In this case, the initial pressure distribution is proportional to the deposited energy density [18] . We used a -switched Nd : YAG laser, which generates light pulses of 1064 nm (first harmonic) with a duration of 10 ns, and a repetition rate of 10 Hz (Quanta Ray DCR-2, Spectra Physics). The pulse duration fulfils the requirements of stress confinement, when using photoacoustics to localize blood in the visible and near-infrared wavelength range. The light is coupled into a glass fiber, which is integrated in the photoacoustic sensor. A schematic overview of the setup is shown in Fig. 1 .
The home-built double ring sensor consists of two concentric ring-shaped electrodes [19] . The inner ring has an inner radius of 2 mm and a width of 0.17 mm. The outer ring has an inner radius of 3.5 mm and a width of 0.1 mm, so that the area of both rings is equal. The piezoelectric material (25-m-thick PVdF, biaxially stretched, electrically polarized, with one side metallized Au/Pt, Piezotech SA, France) is glued to the electrodes using significant pressure to minimize the thickness of the glue layer. The two ring shaped electrodes are connected to amplifiers. The sensor is embedded in a brass housing to shield the electronics for electromagnetic noise. An optical fiber (core diameter 600 m, NA 0.22) is placed in the center of the sensor to deliver light pulses to the tissue. A schematic drawing of the cross section of the sensor is shown in Fig. 2 . This sensor has an aperture of 3 ( 6 dB of directivity function) for acoustic sources with a peak-to-peak time of 100 ns. To be able to scan over the tissue surface, the sensor is mounted in an XYZ scanning system. Photoacoustic signals were generated by illuminating the tissue through a fiber, which was positioned in the center of the photoacoustic sensor. The gap between the sensor and the skin surface was filled with ultrasound contact gel (Sonogel, Germany) to ensure a good optical and acoustical coupling. The energy applied to the tissue was 1 mJ/pulse. An arm support has been used to keep the arm in a stable position during the measurement, as shown in Fig. 3 . To keep the wrist in fixed position, a mould made of a thermoplastic sheet material (Efficast, Orfit Industries) has been used.
The expected photoacoustic signals contain frequencies in the range from about 1-30 MHz, corresponding to blood vessels with diameters from 1 mm down to 0.03 mm. Therefore, our sampling rate has to be at least 60 Msamples/s to avoid aliasing. In our setup, a dual channel, digital oscilloscope (TDS220 -Tektronix, 100-MHz bandwidth) has been used. It was set to acquire photoacoustic signals at a sampling rate of 250 Msamples/s. The acquisition is synchronized (triggered) on the -switch trigger, generated by the laser. The delay between the -switch trigger and the actual light pulse, exiting the fiber inside the photoacoustic sensor, is corrected by applying a delay to the -switch trigger pulse, before it synchronizes (triggers) the oscilloscope.
The photoacoustic time traces at each measurement position were converted to depth information by multiplying the time with the velocity of sound in tissue (1500 m/s). Next, we assumed that we could approach the measured photoacoustic signals by the signal of a photoacoustic point source as described by Sigrist et al. [20] and Hoelen et al. [2] . This bipolar signal (derivative of a Gaussian) was fitted to our measured time trace. The resulting fit was integrated over depth (time) to obtain the absorption distribution. This absorption distribution corresponds with the cross-section of the blood vessel.
Imaging with the double ring sensor can be carried out by scanning the sensor over the tissue surface, which is comparable to an echographic B-scan. As the opening angle of the sensor is very small (about 3 [19] ), the time traces can be regarded as a one-dimensional (1-D) depth image of photoacoustic sources inside the measurement volume. When a linear scan is made, a two-dimensional (2-D) image (scan direction versus depth) is obtained by plotting all the 1-D depth images (i.e., time traces) next to each other in a 2-D image plane.
Our approach as described above, is different from three-dimensional (3-D) high-resolution imaging as published by Hoelen et al. [1] - [4] or tomographic imaging. This uses reconstruction algorithms which make use of the fact that signals from a single source are detected at multiple sensor positions, improving the signal to noise ratio by using signals from multiple sensor positions to reconstruct the image. This requires overlapping sensor apertures. Furthermore, all data should be available before image reconstruction can be carried out; the reconstruction is off-line. In our approach, we use a sensor with an extremely narrow aperture. This allows us to treat all measurements as individual 1-D depth profiles. This permits real-time reconstruction of the corresponding part of the image, without the need of the data of the adjacent elements. To enhance the signal to noise ratio in our images, we have averaged 16 photoacoustic time traces at each measurement position. To avoid lateral broadening (in scan direction) of the vessels in the image, we used the zero-time-shift cross-correlation value of the two signals of the separate ring-shaped electrodes as weight factors in the image. Each electrode's time-trace (1-D depth image) is multiplied by its weight factor. The cross-correlation value will be maximum when the photoacoustic source (blood vessel) is located exactly on the midline of the sensor, as in this case both ring-shaped electrodes receive photoacoustic signals with identical shape. When the source is located off-axis, the shape of the signals detected by the two electrodes will not be equal. This is caused by different interference at the ringshaped sensor surfaces due to the different dimensions (radii) of the two rings. Thus, the cross-correlation value decreases, diminishing the weight factors and weakening the images of these off-axis sources. By this, the sensor's aperture is further reduced which suppresses the lateral broadening of the vessel image.
III. RESULTS AND DISCUSSION
The measurements consisted of nine linear scans, with a spacing of 1 mm between each scan line, along the arm direction. Each scan line itself consisted of 31 measurement positions, with a spacing of 0.3 mm. At each measurement position the photoacoustic time traces were measured. This approach provided a 2-D image (in depth and laterally) for each scan line. At each measurement position, the time traces were averaged 16 times to enhance the signal to noise ratio. The total scan time was 20 min.
In Fig. 4 , the photoacoustic image of two joining superficial palmar veins and the downstream median vein, a few centimeters proximal to the wrist is shown. A photograph of the scanned area is shown in the left panel. The photoacoustic reconstruction is presented in the right panel. Besides the blood vessels, the skin produces a photoacoustic signal, as due to the difference in optical absorption between the ultrasound contact gel (used as acoustic coupling medium between the skin and the sensor) and the skin. This figure shows that the cross section of blood vessels in the skin can be imaged with high contrast, showing even the joining of the vessels. Visual inspection (photograph-left panel) shows a 2-D image, in which vaguely a blurred image of the vessels can be seen.
The cross-sectional images show the shape of the blood vessels to be oval. The smaller vessel (vessel on the left side in the photoacoustic image) has a size in depth of about 0.6 mm, and the larger vessel on the right side has a size in depth of 1 mm. The depth position of the vessels with respect to the skin surface is about 1 mm.
Visual inspection through the skin gives a size of the vessels that is slightly larger than estimated with our photoacoustic setup. This is caused by light scattering in the skin, which causes these vessels only to be visible vaguely.
IV. CONCLUSION
We demonstrated in vivo 2-D photoacoustic imaging of individual human blood vessels using a photoacoustic sensor with an extremely narrow opening angle. The joining of two palmar veins proximal to the wrist is reconstructed, showing the size of the vessel, as well as the depth position of the vessels with respect to the skin surface. The extremely narrow opening angle of the sensor allows us to construct a photoacoustic image without recourse to any image reconstruction algorithms.
These first in vivo photoacoustic images of single human blood vessels, offer new perspectives for application in various clinical fields, like in oncology by measuring angiogenesis, or in imaging of the micro and macrovascular system.
